The aim of the present study was to investigate the binding of tissue plasminogen activator (tPA) to cultured endothelial cells and to characterize binding structures present in the cultures. Studies on the binding of 125I-tPA to cultured endothelial cells from human umbilical-cord veins (HUVEC) indicated that the number of sites for specific binding of tPA is 8 x 105 per cell. Treatment with an excess of antibodies against plasminogen-activator inhibitor type 1 (PAI-1) caused an 80 % decrease in the binding, leaving about 1.6 x I05 unoccupied binding sites per cell, which appeared to be different from PAI-1. About 1.9 x I05 binding sites/cell for tPA were found on the surface of HUVEC that had been detached from the matrix. This indicates that only minor amounts of PAI-I occur on the surface of the cells. In addition, immunocytochemical analysis showed that PAI-1 antigen is present almost exclusively in the cytoplasm but was not observed on the surface of the cells, whereas tPA antigen is abundant on the plasma membrane of tPA-treated cells as well as intracellularly. Competition studies using unlabelled compounds showed that native tPA and tPA B-chain (the proteinase domain), as well as the inactive derivatives, B-chain inactivated with D-Phe-Pro-Arg-chloromethane and tPA-PAI-I complex, caused a considerable quenching of the binding of '251-tPA to HUVEC, whereas the isolated A-chain had no demonstrable effect. Two components (apparent molecular masses 38 kDa and 56 kDa) reacting with tPA but lacking PAI-I antigen determinants were identified. Thus the data suggest that tPA binds to HUVEC by two principally different mechanisms. One is mediated by PAI-1, which binds and inactivates tPA with a functional active site. The other binding is achieved by components which react with sites on the activator molecule other than structures of the A-chain or the active site.
INTRODUCTION
Studies during the last few decades have shown that the endothelial cell lining of the blood vessels participates very actively in the dynamic balance between fibrin formation (thrombosis) and fibrinolysis (thrombolysis). Much interest has been devoted to the interaction between cells and the components of the fibrinolytic enzyme system. It has been found that many cultured cells have surface receptors for plasminogen (Tobler et aL, 1981; Miles & Plow, 1985; Hajjar et al., 1986) and urokinase (Stoppelli et al., 1985; Vassalli et al., 1985) . Some early studies on the interaction between tissue plasminogen activator (tPA) and endothelial cells, performed on cultures of endothelial cells from bovine aorta, indicated a specific binding of the activator. Furthermore, the assembly of an activation complex of tPA, plasminogen and fibrin could be generated on the cell surface (Lkeet al, 1985, 1'986) . Lately, experiments on the binding of proteins engaged in the fibrinolytic system to the endothelium have mostly been performed using endothelial cells from human umbilical cord veins (HUVEC). Thus plasminogen binds specifically to endothelial cells mainly by means of its lysine-binding sites (Hajjar et al., 1986; Miles et al., 1991) and is easily activated by plasminogen activators. Other components that have been reported to bind to the HUVEC cultures are plasminogen activator inhibitor type 1 (PAI-1) and tPA.
From studies on the binding of tPA to HUVEC cultures, at least-two types of binding sites -have been suggested. In one, probably identical with PAI-1, the tPA is bound via its, active site, yielding an inactive complex. Components responsible for the second type of binding do not require an active enzyme. They interact with structures other than the active site of tPA and may be regarded as receptors in the proper sense. It has been claimed that endothelial cells in culture contain tPA-binding membrane proteins which are different from PAI-I and which form enzymically active complexes (Beebe, 1987; Hajjar et al., 1987; Aerts et al., 1989) . Again according to other reports the predominant tPA-binding protein in endothelial cell cultures is PAI-I whereas specific receptors, if they exist, are suggested to be of minor importance (Ramakrish-nan et al., 1990; Russell et al., 1990) . The descriptions of the molecular properties of specific receptors have been contradictory. According to one report (Hajjar & Hamel, 1990) , one tPA receptor protein was found with a molecular mass of 40 kDa, whereas another publication reports two receptors with molecular masses of 56 and 95 kDa (Beebe et al., 1990) . Hajjar (1991) isolated a 42 kDa tPA-binding protein from placental tissue which seemed to be identical with a receptor protein found on endothelial cells.
In the present paper we have studied the binding of tPA to endothelial cell cultures, isolated endothelial cells and membrane components. Efforts have been made to distinguish between PAI-I and proper receptors. Two membrane components which reversibly bind tPA and are distinct from PAI-I have been identified. In addition, the distribution of tPA and PAI-I in the endothelial cell cultures has been studied by using immunocytochemical techniques.
Abbreviations used: FITC, fluorescein 5-isothiocyanate; HUVEC, human umbilical-vein endothelial cells; PAI-1, plasminogen-activator inhibitor-1; PBS, phosphate-buffered saline (140 mM-NaCI/2.6 mM-KCl/1.4 mM-KH2PO4/8.1 mM-Na2HPO4, pH 7.4); PMSF, phenylmethanesulphonyl fluoride; PPACK, D-Phe-Pro-Arg-chloromethane ('D-Phe-Pro-Arg-chloromethyl ketone');-PVDF, poly(vinylidene difluoride); TBS, Tris-buffered saline (150 mM-NaCl/20 mM-Tris, pH 7.4); tPA, tissue plasminogen activator.
§ To whom correspondence should be addressed. Recombinant single-chain tPA (Actilyse) contaminated with about 10 % two-chain tPA was obtained from Boehringer, Ingelheim, Germany. Two-chain tPA was prepared as described previously (Wallen et al.,1983) . Preparations of A-and B-chains were obtained by partial reduction of two-chain tPA as described previously (Ichinose et al., 1986) . The A-and B-chains were separated by gradient chromatography on DEAE-Sephadex. The amidolytic activity of the B-chain was practically identical with that of two-chain tPA (Wallen et al., 1990) . PPACKinactivated tPA and B-chain was prepared by incubating 500 ,ul of 0.8 ,#M-tPA or B-chain with 10 ,ul of 0.2 mM-PPACK for 15 min at room temperature. This treatment completely abolished the amidolytic activity of the B-chain. A complex between tPA and PAI-I was prepared by incubating 750,ul of 2 ,M-tPA in phosphate-buffered saline (PBS) with 1 ml of 4 #M-PAI-I for 30 min at room temperature. The mixture was adsorbed on 0.25 mg of Sepharose-coupled anti-tPA monoclonal antibody (Sepharose-1 :2 B9), added to a column and washed with 4 ml of PBS. The tPA-PAI-1 complex was eluted with 2 ml of 0.05 Msodium phosphate buffer, pH 7.3, containing 3 M-KSCN and 0.1 mg of Tween 80/ml and dialysed against Medium 199 overnight. The concentration of tPA-PAI-1 was about 0.7 /zM as judged from identical control experiments performed with 125-1 tPA instead of unlabelled tPA.
Various proteins
Recombinant human PAI-I prepared from Escherichia coli (Lawrence et al., 1989) as well as rabbit antiserum against PAI-1 were generously provided by Dr. Tor Ny (Department for Applied Cell and Molecular Biology, Umea, Sweden). The IgG fraction was isolated by chromatography on Protein A-Sepharose (Pharmacia, Uppsala, Sweden) and was stored frozen as a stock solution (2.9 mg/ml). Goat antiserum against human tPA as well as IgG from this serum was prepared as described (Wallen et al., 1983) . A monoclonal antibody, 1:2 B9 against tPA, suitable for purification of tPA was prepared as described (Stigbrand et al., 1989) and coupled to CNBr-activated Sepharose 4B (Pharmacia, Sweden) according to the directions of the supplier.
Endothelial cell cultures
Human umbilical cords were obtained within 1 h of delivery and the umbilical vein was cannulated and flushed with 100 ml of 0.15 M-NaCl at ambient temperature. The vein was then filled with 15 ml of 0.05 % thermolysin in Dulbecco's PBS. After incubation at room temperature for 30 min, the vein was perfused with 50 ml of endothelial cell culture medium, consisting of Medium 199 supplemented with antibiotics [pencillin (100 i.u./ml) and gentamicin (5,ug/ml)], 20 % newborn calf serum, 40 units of heparin/ml, 2 mM-L-glutamine, 30,g of endothelial cell growth factor/ml, 15 /tM-thymidine, 2.5 ,tg of fungizone/ml and 33 gM-isobutylmethylxanthine. The endothelial cells were washed once with culture medium and seeded in 80 cm2 cell culture flasks (T80 flasks), pretreated with 1 % gelatine in PBS, and cultured at 37°C in 5 % CO2 until confluence. The cultures were then split 1:4 after a short incubation at ambient temperature with trypsin/EDTA and seeded into 24-well plates or new T80 flasks. The cells showed cobblestone morphology and to confirm that they were endothelial cells, first-passage cells were cultured on glass slides and stained with antibodies to von Willebrand factor and Ulex europeus lectin or incubated with fluorescent acetylated low-density lipoprotein.
Radiolabelling of tPA
Human recombinant one-chain tPA was labelled with 1251 using the iodogen method modified from the procedure of Salacinski et al. (1981) and earlier used for labelling of tPA by Liu et al. (1985 Liu et al. ( , 1986 . A mixture of 300 ,g of tPA in 200,1u of 1 M-NH4HCO3, 20 4el of 38 #M Na125I and 95 1 of 0.25 M-sodium phosphate buffer, pH 6.5, containing 70 4uM-KI and 0.5 mg of Pluronic F 68/ml, was added to a glass tube coated with 50 ,g of iodogen. After incubation for 15 min at 25°C, 2.815 ml of 0.05 M-sodium phosphate buffer, pH 7.3, containing 0.5 mg of Pluronic F 68/ml was added to dilute the reaction mixture. After a further 15 min, 2 g of Sepharose-1 :2 B9 was added and the mixture stirred by end-over-end rotation overnight at 4 'C. The suspension was transferred to a small column and washed extensively with the phosphate/Pluronic buffer and 0.05 Msodium phosphate buffer, pH 7.3, containing 0.1 mg of Tween 80/ml. The elution of labelled tPA was performed with 3 M-KSCN dissolved in the phosphate/Tween buffer. The labelled tPA was dialysed either against 1 M-NH4HCO3 containing 0.1 mg of Tween 80/ml or Medium 199. According to an e.l.i.s.a. the yield of tPA protein was 50-60% and it retained full enzyme activity (about 600000 units/mg when compared with the International tPA Standard, coded 83/517, from the National Institute of Biological Standards and Control, Potters Bar, Herts., U.K.) as measured by fibrin-stimulated plasminogen activation (Ranby et al., 1982) . The incorporation of iodine was about 1.2 atoms/molecule of tPA (mean of six preparations).
Immunocytochemical localization of tPA and PAI-1 HUVEC were grown to confluency on gelatine-coated chamber glass slides. After being washed with Tris-buffered saline (TBS; 0.02 M-Tris/0.15 M-NaCl, pH 7.5) containing 1 % BSA, the cells were incubated for 30 min at 37 'C with tPA (1 ,ug of tPA/ml) in Medium 199. The cells were then washed with TBS/BSA and fixed with methanol for another 30 min. This was followed by incubation at ambient temperature with goat antiserum against tPA interaction with human endothelial cells tPA or rabbit antiserum against PAI-1. The antisera were used at dilutions of 1: 50 centrifuged at 2500 g at 4 'C. The supernatant was centrifuged for 1 h at 100000 g to collect cell membranes. The membrane fraction was extracted sequentially with 15 mM-CHAPS and 1 % Triton X-100 in PBS, containing the same inhibitor mixture as above. The extracts were dialysed against 5 % acetic acid and freeze-dried. They were subsequently dissolved in 250,1 of SDS/PAGE sample buffer (62.5 mM-Tris/HCl, 12.5 % glycerol, 1.25 % SDS, 0.00125 % Bromphenol Blue, pH 6.8).
Electrophoretic analysis SDS/PAGE performed as described by Laemmli (1970) in 10 % gels was used for the separation ofproteins in cell membrane fractions. Separated proteins were transferred to PVDF membranes by the semi-dry blotting technique (Kyhse-Andersen, 1984 ) in a Sartoroblott II apparatus (Sartorius, G6ttingen, Germany) using 48 mM-Tris/39 mM-glycine/1.3 mm-SDS/20 % methanol, pH 9.2, as the blotting buffer (30 min, 4 mA/cm2 gel). Reference protein strips were stained with Coomassie Brilliant Blue. Components with affinity to tPA were traced with1251-tPA.
The membranes were washed overnight with PBS at 4°C, incubated with 5 ml of 5 % (w/v) BSA in PBS for 3 h and with 5 ml of 1.35 nM-125I-tPA in PBS for 2 h. After the membranes had been washed three times with PBS, the radioactive ligands were detected by autoradiography using Hyperfilm (Kodak).
PAI-I was detected in the membranes by immunoblotting. After transfer to a PVDF membrane as described above, the membranes were incubated in 1 % solution of delipidized milk powder in Tris buffer (20 mM-Tris/500 mm-NaCl/5 mM-NaN3, pH 7.5) at 4°C overnight. The membrane was washed twice for 5 min in the incubation buffer and was then incubated for 4 h in rabbit anti-PAI-I IgG diluted to 30,g/ml with the milk powder solution. The membrane was washed four times in Tris buffer and incubated for 1 h with alkaline phosphatase-conjugated goat antibodies against rabbit IgG diluted in the milk powder solution. The membrane was again washed four times in TBS and finally incubated in a solution of 5-bromo-4-chloroindol-3-yl phosphate and Nitroblue Tetrazolium in 0.1 M-NaHCO3 buffer/I mmMgCl2, pH 9.8. The reaction was stopped by washing twice with distilled water.
Various methods
Concentrations of total protein were determined either by a modification of the Lowry method (BCA, Pierce Europe, OudBeijerland, The Netherlands) or by amino acid analysis. The concentrations of tPA and PAI-I antigen were determined by e.l.i.s.a. (Imulyse tPA and PAI-I respectively; Biopool, Umea, Sweden). Plasminogen activation was measured with a chromogenic assay (Ranby et al., 1982) using fibrin as stimulator.
RESULTS

Binding of tPA to HUVEC monolayers
The binding of 125T-tPA in concentrations from 4 to 50 nm was studied in 24-well culture plates. The non-specific binding, which was assessed by determination of binding in the presence of 1 ,UMunlabelled tPA, amounted to about 45 %. Saturation of the cell layer was obtained at concentrations of tPA exceeding 40 nm (Fig. 1) . The maximal amount of tPA bound to the culture was about 0.07 pmol/well after correction for non-specific binding. [Ligand] (nM) Fig. 3 binding sites/cell. The concentration at half-saturation suggests a dissociation constant of approx. 20 nm. It is well known that high concentrations of PAI-1 are secreted from endothelial cells in culture, and it is deposited in the matrix in an active form. This contributes markedly to the binding of tPA to the culture wells. In order to estimate the extent to which this occurs, the culture surface was preincubated with an excess of antibodies against human PAI-l before the incubation with labelled tPA. Three concentrations of tPA were chosen, all at or above the limit for saturation. The results (Fig. 2) demonstrate that about 20 % of the specific binding cannot be quenched by anti-PAI-I IgG at a concentration of 0.24 /LM (36 ,tg/ml). Similar results were obtained at a sevenfold higher concentration of the antibody preparation (not shown). Control experiments with the same amounts of normal rabbit IgG showed no significant effect on the unspecific binding. These results suggest the occurrence of about 1.6 x 105 binding sites for tPA that seem to be different from PAI-I on the cell surface.
Specificity of the binding of tPA to HUVEC monolayers
The capacity of the following unlabelled derivatives of tPA to compete with 1251-tPA for binding sites in endothelial cell cultures was studied (Figs. 3a and 3b ): single-chain tPA, two-chain tPA, isolated A-chain and isolated B-chain. The total binding of 1251_ tPA at 38 nM was decreased to about 50 % by preincubatioir with unlabelled single-chain or two-chain tPA at concentrations exceeding 50 nm, which implies almost complete quenching of specifically bound tracer (unspecific binding is defined as total binding in the presence of 1 /M-unlabelled tPA, see above). The isolated B-chain, at concentrations above 150 nM, caused about a 60 % decrease in total binding of 1251-tPA. This equals 80 % quenching of specifically bound tracer. The A-chain, at concentrations up to 150 nm, had no significant effect on the binding of labelled tPA (Fig. 3a) . The ability of active-siteblocked B-chain to inhibit the binding of 125I-tPA is compared with active B-chain in Fig. 3(b) . The quenching by PPACKinactivated B-chain amounted to 50-60 % of the quenching caused by active B-chain, indicating that a considerable part of the tPA binding is distinct from binding to PAI-1. This is further supported by the ability of the tPA-PAI-I complex to cause a similar magnitude of quenching of the tPA binding to that of the PPACK-inactivated B-chain (Fig. 3b) . Confluent endothelial cells were incubated at 37°C, first with tPA (1 #g/ml), followed by washing with TBS/BSA and fixation with methanol, then with rabbit anti-PAI-I antiserum (dilution 1:50); they were finally visualized with FITC-conjugated swine anti-rabbit IgG. The nuclei are clearly identified as non-fluorescent areas, suggesting that the fluorescence is mainly cytoplasmic. radioactivity in the pellet indicated 1.9 x 105 binding sites per cell. This number, which should be compared with the number of non-PAI-I-related binding site (1.6 x 105) found for the cell culture (see above), indicates that the part of the binding of tPA to the cell culture, which is not caused by PAI-1, is mainly localized to the surface of the cells. The CHAPS and Triton extracts of the crude membrane preparation obtained from lysed isolated cells were separated on SDS/PAGE and electroblotted on to PVDF membranes. Components binding tPA were detected by autoradiography using 1251-tPA as tracer (Fig. 5) . The CHAPS fraction contained three major bands with apparent molecular masses 67, 50 and 38 kDa whereas the Triton fraction only showed one component of about 56 kDa. Immunoblotting of an SDS/polyacrylamide gel run in parallel using rabbit antiserum against human PAI-I (Fig. 6 ) indicated that the CHAPS fraction contained three main PAI-1-related components (molecular masses: 50, 71 and 97 kDa), whereas no PAI-i-reactive material was found in the Triton fraction. The results indicate the presence of at least two components in the plasma membrane (38 and 56 kDa) interacting with tPA but distinct from PAI-1. With regard to the other tPAbinding compounds in the CHAPS extract, it seems likely that the 50 kDa component is identical with PAI-1, whereas the nature of the 67 kDa component is more uncertain.
The association of PAI-I and tPA with endothelial cells was demonstrated using FITC-labelled antibodies. The incubation with antibody against PAI-I (Fig. 7) shows bright fluorescence of the cytoplasm but areas corresponding to the nuclei are dark. The staining pattern was independent of the temperature during the experiment (4°C or 37°C). Antibodies against tPA give a strong fluorescence over the cell surfaces but also over the cell nuclei (Fig. 8) . These results suggest that PAI-I is primarily localized inside the cells or in the extracellular matrix under the cells, whereas binding sites for tPA are abundant on the cell surface.
DISCUSSION
This study shows that the distribution of PAI-I and tPA differ in endothelial cell cultures. PAI-I is confined to the intracellular compartment of the cells and to the extracellular matrix (Fig. 7) , whereas tPA can be visualized both intracellularly (like PAI-1) and on the cell surface (Fig. 8) . The latter finding supports earlier reports on specific receptors for tPA on the endothelial cell surface (Liu et al., 1985 (Liu et al., , 1986 Beebe, 1987; Hajjar et al., 1987) .
Our data suggest that the part of the tPA binding to HUVEC cultures that can be quenched by antibodies against PAI-I is mainly caused by extracellular matrix-bound PAI-1, whereas the binding sites for tPA that are not affected by the anti-PAI-I antibodies are present on the cell surface. These findings are in agreement with the results of other studies which have shown that PAI-I is mainly bound to the extracellular matrix of endothelial cell cultures in a complex with vitronectin (Mimuro & Loskutoff, 1989a,b) . Furthermore Schleef et al. (1990) , using immunogold electron microscopy, reported that most of the PAI-I in HUVEC cultures is located to the extracellular matrix under the cells whereas less than 1 % was found on the dorsal cell surface. Similar distribution patterns (PAI-I in the matrix under the cells and tPA on the dorsal cell surface) have also been established for cultured bovine capillary endothelial cells (Murata et al., 1991) .
The number of binding sites that could not be blocked by PAI-1 antibodies (about 20 % of the total specific binding) correlated well with the number of binding sites calculated from binding experiments performed with cells in suspension, without the interference of matrix proteins. Furthermore, preliminary studies with PPACK-and di-isopropyl phosphorofluoridate-inactivated 1251-tPA which does not interact with PAI-1, displayed a binding that was 20-30% of the specific binding -of corresponding concentrations of active tPA tracer (G. Pohl & X.-F. Cheng, unpublished work). The presence of two types of binding sites for tPA interaction with human endothelial cells tPA in HUVEC cultures which is suggested from our data is also in agreement with reports from others (Hajjar et al., 1987; Barnathan et al., 1988) . Barnathan et al. (1988) found the activesite-dependent binding (PAI-1) to saturate at 1O nm and calculated a KD of about 170 nm for the non-active-site-dependent binding site. Such low-affinity binding sites have also been observed by other groups (Aerts et al., 1989; Beebe, 1987) . Ramakrishnan et al. (1990) and Russell et al. (1990) studied the binding of tPA to PAI-I in HUVEC using an active-site mutant (Ser-478 changed to Ala). This mutant forms a non-covalent complex with PAI-1, which is not released to the medium. They found a very large number of binding sites (106-107 sites/cell) which according to Russell et al. (1990) were characterized by a KD of 1.5 nm. However, they did not explore binding sites of lower affinity.
In the present study, we observe saturation of specific tPA binding to HUVEC at 40 nm, similar to the data obtained by Hajjar & Hamel (1990) who identified a tPA-binding site in HUVEC membrane preparations that saturated between 15 and 40 nm and which was concluded not to be related to PAI-1. Thus it is possible that HUVEC cultures express at least three different binding sites for tPA: one high-affinity active-site-dependent site, probably identical with PAI-1, and two non-active-site-dependent sites with dissociation constants of about 10-20 nm and 150-250 nm respectively.
We found that the binding of tPA to the endothelial cell culture could be quenched with single-chain tPA, two-chain tPA and the tPA B-chain, but not with the tPA A-chain at the concentrations used (Fig. 3) . These findings disagree to some extent with a publication by Beebe et al. (1989) , in which synthetic peptides from the 'Finger domain' in the A-chain were found to inhibit binding to endothelial cells. However, the concentrations of the peptides used were very high (more than 1 mM) compared with the concentrations of competing ligands used in our experiments (less than 0.2 LM). The inability of the A-chain to inhibit the binding of tPA cannot, on the other hand, completely rule out the possibility of binding structures in the Achain part of tPA. The preparation procedure may have caused misfolding of the protein or modifications, such as carboxymethylation of the 'free' thiol group in the EGF domain. In addition, we cannot rule out that low-affinity binding sites (KD > 50 nM) may be directed against structures in the A-chain. Such low-affinity sites were not explored in this study.
The immunofluorescence studies failed to detect surface-bound PAI-I (Fig. 7) whereas surface-bound tPA was readily observed (Fig. 8) . Further observations in the present study that argue in favour of the existence of non-PAI-I tPA-binding components were: (1) that there was a substantial residual binding to cell cultures even after treatment with excess antibody against PAI-1 (Fig. 2) , (2) that the binding could also be demonstrated in cell suspensions where matrix-bound PAI-1 would not be expected to interfere and (3) that PPACK-inactivated B-chain as well as preformed tPA-PAI-I complex had a considerable quenching effect on the binding of 125I-tPA to cell cultures.
The separation of cell membrane extracts by SDS/PAGE, followed by electroblotting and tracing of '251-tPA-binding compounds identified two bands with approximate molecular masses 38 and 56 kDa respectively, which could not be detected by immunoblotting using anti-PAI-l antibodies. HajJar & Hamel (1990) 
